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Upon starvation, cells of the simple eukaryote Dictyostelium discoideum aggregate and differentiate into several cell types.
Two main cell types are prestalk and prespore, which later usually become stalk and spore cells. The differentiation is
plastic, and several factors can alter cell-type ratios. Two mechanisms have been proposed to regulate the initial differentia-
tion. One hypothesis is that different levels of extracellular factors within the aggregate determine initial cell type. We
and others have proposed that cell type is initially determined by cell-cycle phase at the time of starvation: prestalk cells
are derived from cells which, at the time of starvation, happen to be in a roughly 2-hr-long sector of the cell cycle which
overlaps S and early G2 and that certain extracellular factors are then used to maintain the proper prestalk: prespore ratio
and to control later stages of development such as the prestalk-to-stalk conversion. To examine the relationship between
initial cell-type choice and the cell cycle, and how this 2-hr-long sector is generated, we increased the length of S phase
by mild treatments of cells with DNA-synthesis inhibitors. When the fraction of the cell cycle occupied by S phase is
increased and the cells are then starved, the prestalk:prespore ratio increases. This increase was observed using two markers
for prestalk cells, CP2 and ecmA::lacZ. In addition, there is a close correlation between the fraction of the cell cycle
occupied by S phase and the prestalk:prespore ratio, irrespective of total cell-cycle length. These results validate the
hypothesis that the initial choice of cell type is determined by cell-cycle phase at the time of starvation, and indicate that
the cell-type choice mechanism monitors the cell cycle rather than using an independent 2-hr-long timer started at the
beginning of S phase. q 1996 Academic Press, Inc.
INTRODUCTION tant (Yuen et al., 1995). The cells begin differentiation after
they aggregate (see Firtel, 1995 for a review). The aggregate
of typically 105 cells forms a migrating slug, with prestalkVery little is known about mechanisms that regulate cell-
cells in the anterior tip and prespore cells in the posterior.type choice during eukaryotic differentiation. One of the
The slug in turn forms a fruiting body consisting of a masssimplest organisms for the study of such mechanisms is the
of spore cells supported by a thin column of stalk cells. Aslime mold Dictyostelium discoideum. Dictyostelium cells
spore, dispersed by the wind or insects, which ®nds itselfnormally exist as single-celled amoebae which live on soil
amidst a fresh supply of bacteria can then start a new colonyand feed on bacteria. The haploid amoebae increase in num-
of cells (see Loomis, 1975, 1982 for a review).ber by ®ssion, eventually overgrowing their food supply and
Several markers have been used to de®ne speci®c subsetsstarving. Starvation triggers the developmental cycle, in
of differentiating cells. CP2 (also referred to as cysteine pro-which the starved cells stop dividing and begin secreting a
teinase 2 or pst-cathepsin) can be detected by immuno¯uo-cell-density sensing factor (Gomer et al., 1991; Jain et al.,
rescence in roughly 12% of cells (Clay et al., 1995; Gomer1992). When the level of the cell-density sensing factor indi-
et al., 1986; Gomer and Firtel, 1987). Both the CP2 antigencates that there is a high density of starved cells, the cells
and cprB (the gene encoding CP2) promoter fusions are ex-aggregate using relayed pulses of cAMP as the chemoattrac-
pressed in the slug tip (Datta et al., 1986; Gomer et al.,
1986), and the expression pattern appears to be due to both
transcriptional and translational regulation (Jermyn et al.,1 To whom correspondence should be addressed. Fax: (713) 285-
5154. E-mail richard@bioc.rice.edu. 1987; Pears and Williams, 1987). The prespore antigen SP70
82
0012-1606/96 $18.00
Copyright q 1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
/ 6x09$$8131 01-23-96 23:04:20 dba Dev Bio
83Cell-Cycle Phase and Cell Type
(Beejin) is located in roughly 47% of cells; both the antigen
and cotB (the gene encoding SP70) promoter fusions are
expressed in the posterior region of the slug (Fosnaugh and
Loomis, 1993; Gomer et al., 1986; Haberstroh and Firtel,
1990). Some cells stain with neither anti-CP2 nor anti-SP70
antibodies, and we have thus designated them null (Gomer
et al., 1986). The null cells are located in between the
prestalk and prespore cells and are also mixed among them.
The markers de®ne many different subsets of cells. For
instance, like CP2, the ecmA gene is expressed in the tip
of the slug (Jermyn and Williams, 1991). Whereas 12% of
slug cells are CP2-positive, roughly 20% of the cells are
ecmA-positive (Traynor et al., 1992; Yamada and Okamoto, FIG. 1. Summary of the previously observed cell cycle-dependent
1994). The CP2-positive cells appear to be a nucleating pre- initial cell-type choice mechanism in Dictyostelium. The vegeta-
cursor population for the ecmA-positive cells. CP2-positive tive cells make the initial choice of cell type when starved: those
cells ®rst appear at about 12 hr and remain a roughly con- cells that happen to be in S or early G2 phase will become CP2
stant 12% of the population, while ecmA-positive cells ®rst positive or null, while those cells that are in late G2 or M phase
will become prespore or null (Gomer and Firtel, 1987; McDonaldappear at 16 hr, as a subset of the CP2-positive cells (Clay
and Durston, 1984; Weijer et al., 1984b).et al., 1995). The number of ecmA-positive cells increases
through development, until all of the CP2-positive cells and
some null cells are ecmA-positive.
The differentiation into the cell types de®ned by the
above markers is plastic. A variety of extracellular signals Firtel, 1987; McDonald and Durston, 1984; Ohmori and
Maeda, 1987; Weijer et al., 1984a; Zimmerman and Weijer,such as adenosine, ammonia, oxygen, and a set of chlori-
nated alkyl phenones (DIFs) in¯uence the ®nal differentia- 1993). Like some fungi, Dictyostelium has no observable
G1 phase in its cell cycle; cells enter S phase immediatelytion into either stalk or spore cells and exert control over
the prestalk:prespore ratio (Brookman et al., 1987; Gross et after mitosis; they undergo cytokinesis during S phase and
then spend most of the cell cycle in G2 (Fig. 1). The cellal., 1983; Kwong and Weeks, 1989; Schaap and Wang, 1986;
Sternfeld, 1988; Williams et al., 1987; Xie et al., 1991). For cycle for an axenic (able to grow in a bacteria-free broth)
strain in mid-log growth lasts 8±12 hr with M phase beinginstance, DIF-1 induces stalk-cell differentiation (Brookman
et al., 1987; Kay, 1982) and represses spore-cell differentia- 10 to 15 min long and S phase lasting less than 30 min
(Weijer et al., 1984b). In a normal population, cells are ran-tion (Kay, 1989). The ability of the factors to alter cell type
indicates that cell types can interconvert and that there domly distributed throughout the cell cycle. Four observa-
tions indicated that a cell's position in the cell cycle at theexist homeostatic factors (reviewed in Williams, 1988).
Two different mechanisms have been proposed to explain time of starvation determines its initial cell-type choice.
First, cells were synchronized, ¯uorescently labeled (or con-the initial choice of cell fate. The ability of extrinsic factors
to affect cell type has led to the suggestion that cell-type tained a reporter construct), mixed with asynchronous unla-
beled cells, and allowed to starve and form aggregates. Cellschoice is determined exclusively by morphogen gradients,
rather than by intrinsic differences between cells (Kay, in S and early G2 phase at the time of starvation sorted to
the anterior prestalk region of slugs while cells in late G21989). Such models necessarily predict that cells starved
under identical conditions will differentiate into identical phase at the time of starvation sorted to the posterior pre-
spore region (Araki et al., 1994; McDonald and Durston,cell types. We have observed that when cells are starved
at low cell density under any condition that allows cell 1984; Ohmori and Maeda, 1987; Weijer et al., 1984a). Sec-
ond, when populations of cells in S or early G2 were starved,differentiation, invariably only a fraction of the cells will
become CP2-, ecmA-, or SP70-positive (Clay et al., 1995; they formed slugs with abnormally low percentages of pre-
spore cells, while populations starved in late G2 formedGomer et al., 1986; Gomer and Firtel, 1987). The positive
cells are always randomly scattered among negative cells. slugs with unusually high percentages of prespore cells
(Wang et al., 1988; Weijer et al., 1984a). Third, cells wereThis indicates that cells starved under essentially identical
conditions can differentiate into different cell types, contra- grown at very low densities in submerged monolayer cul-
ture for time-lapse videomicroscopy. Without interruptingdicting the prediction of the morphogen gradient model and
suggesting that a cell-autonomous mechanism is involved the videotaping, the cells were starved to induce differentia-
tion and were then ®xed and stained with antibodies againstin the initial choice of cell type.
We and others have found that the phase of the cell cycle CP2 and SP70. The videotape was examined to see if there
was any observable parameter which correlated with thein which a cell happens to be at the time of starvation, an
event occurring before the appearance of the extracellular decision of a cell to express CP2 or to express SP70. These
studies indicated that the CP2-positive prestalk cells werefactors which can alter cell fate, appears to regulate the
initial choice of cell type (Araki et al., 1994; Gomer and derived from cells starved in S and early G2 and that SP70-
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(Gomer et al., 1991; Jain et al., 1992; Yuen et al., 1991). Ax2 cellspositive prespore cells were derived from cells starved in
transformed with pEcmA::lacZ, a construct containing both a Dic-late G2. Only one sister cell from each ®nal division differ-
tyostelium G418-resistance cassette and the ecmA promoter driv-entiated: the sister cells of the CP2-positive and SP70-posi-
ing expression of b-galactosidase (Jermyn and Williams, 1991) weretive cells were null (Gomer and Firtel, 1987). Finally, grow-
a gift from Dr. Jeff Williams (MRC Laboratory, University College,ing cells were synchronized by release from nocodazole,
London). pEcmA::lacZ transformant cells were grown in shaking
release from stationary phase, or expression of a truncated culture in HL5 with 20 mg/ml G418 (Gibco BRL, Gaithersburg,
cyclin (Luo et al., 1994), and the populations were then MD). Conditioned medium (CM) was made by starving Ax4 cells
starved at low cell densities (typically 10 cell diameters at 5 1 106/ml in PBM (20 mM potassium phosphate, 10 mM CaCl2,
between cells). In agreement with the ®rst two experiments, 1 mM MgCl2, adjusted to pH 6.1 with KOH) in shaking culture for
18 hr as previously described (Gomer et al., 1991). For the drugcells starved in S and early G2 phase were mostly prestalk
experiments, cells growing in axenic shaking culture at densitiesor null while cells starved in late G2 and M were mostly
of 1 1 106 to 5 1 106/ml (log phase) were counted, adjusted to 2.0prespore or null (Gomer and Firtel, 1987; Weeks and Gomer,
1 105/ml, and 1 ml was added to each well of a Corning (Corning,unpublished data). In addition, the latter two experiments
NY) Model 25810 polystyrene 6-well plate. The plates were placedindicated that the cell-cycle dependent cell-type choice
in a black cloth bag on a Reliable Scienti®c Model 55 gel rockermechanism is cell-autonomous. This mechanism would
set to rock at 60 cycles per minute through an angle of 87. After
then cause cells throughout the aggregate to differentiate 24 hr, cells in a well were detached by 10 to 15 cycles of pipetting
into CP2-positive prestalk, SP70-positive prespore, or null with a Pasteur pipette and were counted to determine their density
cells. The observed differential cohesion and/or chemotaxis N0 (typically 6 1 105 to 8 1 105/ml). S-phase blocking drugs in
of the different cell types would then allow them to both either 1 or 10 ml of water were then added to other wells (aphidicolin
was from Calbiochem, San Diego, CA or Aldrich, Milwaukee, WI;spatially segregate and establish morphogen gradients (Buhl
¯uorodeoxyuridine was from Aldrich; and all others were fromand MacWilliams, 1991; Feinberg et al., 1979; Lam et al.,
Sigma, St. Louis, MO). After 18 hr of growth in the presence of1981; Sternfeld and David, 1981). The observations also in-
drugs, cells were counted to determine their density N (typicallydicated that after aggregation, cell±cell interactions affect
1 1 106 to 3 1 106/ml), and the approximate doubling time TD wasdifferentiation. For instance, typically 10 to 12% of cells
calculated using TD  T ln(2)/ln(N/N0). T was adjusted for the factwhich never touch another cell after starvation become
that the various ¯asks of cells were counted at slightly different
CP2-positive prestalk, and 30 to 37% become prespore. times and was thus 18 hr for the ®rst set of cells to be counted, 18
When cells do come in contact with each other, cells that hr and 3 min for the second set, etc.
would have otherwise been null sometimes differentiate
into prespore cells (Gomer and Firtel, 1987; Gomer et al.,
Determination of Percentages of Prestalk and1991).
Prespore CellsOne way to examine whether the cell-cycle phase at the
time of starvation, which is an intrinsic difference between
After counting the cells, their propensity to differentiate into
cells, can indeed establish the initial differentiation would prestalk or prespore cells was determined. The drug-treated cells
be to alter the cell cycle and examine the effect on cell fate. (0.5 ml) were added to 0.5 ml PBM and collected by centrifugation
Several compounds can be used to hinder DNA synthesis at 800g for 5 min. Cells were resuspended in 1 ml PBM, pelleted
and thus increase the length of S phase in eukaryotic cells by centrifugation as above, and resuspended in 100 ml of PBM. The
cells were recounted and the density was adjusted to 5 1 105 cells/(reviewed in Table 1). Using these compounds to lengthen
ml; 12.5 ml of the cells was added to 500 ml of RDB (100 ml of CMthe S phase of Dictyostelium cells, we ®nd that there is
prepared as described above, mixed with 400 ml of 5 mM NaCl),an associated increase in the percentage of prestalk cells,
and 200 ml of this was placed in the wells of duplicate 8-well cham-indicating a concomitant increase in the length of the
ber slides (Type 177402, Nunc, Naperville, IL) to give approxi-prestalk phase. We then show that the cell-cycle dependent
mately 2500 cells/well. Six hours later, cAMP was added to thecell-type choice mechanism allows aggregates of Dictyos-
wells to 300 mM (from a 50 mM stock solution) to induce prespore
telium cells to have similar prestalk:prespore ratios despite and prestalk gene expression (Gomer, 1987; Mehdy and Firtel,
cell cycle lengths that vary depending on growth conditions 1985). Twelve hours later, the cells on the slides were ®xed and
(Loomis, 1975; 1982). These results support the hypothesis one slide was immunostained for the prestalk antigen CP2 and the
that cell-cycle phase at the time of starvation determines other slide was immunostained for the prespore antigen SP70, as
previously described (Gomer, 1987). The number of cells in eachthe initial choice of cell type in Dictyostelium and suggest
well expressing prespore or prestalk antigens was counted manu-that the mechanism involves a continuous linkage to the
ally using a Nikon (Garden City, NY) Microphot FX epi¯uorescencecell cycle rather than an independent timer started at a
microscope with a 101 objective. To determine the effect of length-particular point in the cycle.
ening S phase on the percentage of cells expressing ecmA, pEc-
mA::lacZ cells were grown in drugs and then harvested as de-
scribed above. The cells were starved under the optimal conditionsMATERIALS AND METHODS
we found for ecmA expression at low cell density (Clay et al., 1995).
Brie¯y, the cells were starved in monolayer culture as describedCell Culture
above in a mixture of three parts CM and one part PBM, cAMP
was added to 150 mM ®nal concentration at 6 hr, DIF-1 (MolecularAxenic D. discoideum strain Ax4 cells were grown at 217C in HL-
5 medium supplemented with antibiotics as previously described Probes, Eugene, OR) was added to 100 nM ®nal concentration at
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8131 01-23-96 23:04:20 dba Dev Bio
85Cell-Cycle Phase and Cell Type
TABLE 1
S-Phase Inhibitors Used in This Study
Concentration Concentration
Inhibitor Mode of action used to stop replication Reference used in this report
Amethopterin Inhibits dihydrofolate reductase, 10 mM Borsa and Whitmore, 1969 2.2 mM
(methotrexate) thus reducing the dTMP and van Dierendonck et al., 1991 (1 mg/ml)
(Ameth) dTTP pools
Aphidicolin Directly inhibits DNA 0.2 mg/ml to 5 mg/ml Huberman, 1981 10 mg/ml
(Aphid) polymerase a Heintz and Hamlin, 1982
Tobey et al., 1988
Takimoto et al., 1989
Cytosine Converted in cells to cytosine 0.1 mM to 1 mM Schrecker et al., 1974 82 mM
arabinoside arabinoside 5* triphosphate Yoshida et al., 1977 (20 mg/ml)
(Ara C) which also inhibits DNA Yang et al., 1991
polymerase a Fressinaud et al., 1992
5-Fluoro 2*- Converted to 10 nM to 40 mM Loomis, 1971 0.41 mM
deoxyuridine ¯uorodeoxyuridine Pogolotti and Santi, 1977 (100 mg/ml)
(FdU) monophosphate (FMP) in cells Wright and Tollon, 1989
by thymidine kinase FMP is Moran and Scanlon, 1991
an inhibitor of thymidylate
synthase, thus reducing the
cellular pool of dTMP and
dTTP
5-Fluorouracil Converted to FdUrd and thus 1.5 mM to 5 mM Loomis, 1971 0.15 mM
(FU) also becomes an inhibitor of Moran and Scanlon, 1991 (20 mg/ml)
thymidylate synthase
Hydroxyurea Ribonucleotide reductase 1 mM to 0.2 M Tobey and Crissman, 1972 13 mM
(HU) inhibitor depletes dATP and Slater, 1973 (1 mg/ml)
dGTP pools Reed and Wittenberg, 1990
Tobey et al., 1990
Thymidine Depletes the dCTP pool 2 mM Tobey et al., 1988 83 mM
(thy) (20 mg/ml)
Note. Seven S-phase inhibitors are shown with their modes of action, concentrations used to stop replication in other eukaryotic cell
types, references, and concentrations used in this report.
12 hr, and cells were ®xed at 24 hr. Cells were then stained with ature, and antibody dilutions and washes were in APBS. The cells
were covered with glycerol/p-phenylenediamine (Johnson et al.,rabbit anti-b-galactosidase (Clay et al., 1995).
1991) and overlaid with coverslips. Fields of cells were examined
by epi¯uorescence with the Nikon FX microscope with a 401 ob-
jective. For each ®eld, the total number of cells and the number ofDetermination of Percentage of Cells in S Phase
cells with BrdU incorporated into the nucleus were counted until
To determine the approximate percentage of cells in S phase, 5 at least 12 BrdU-positive cells had been seen for each treatment;
mg of 5-bromo-2*-deoxyuridine (BrdU; Aldrich) was added to the typically 250 to 400 cells were examined. Cells were photographed
remaining 4.5 ml of cells immediately after removing the 0.5-ml on Kodak (Rochester, NY) Tmax p3200 which was developed with
aliquot. After shaking for 45 min, the cells were collected by cen- Kodak D-76.
trifugation, resuspended to 200 ml, and allowed to settle for 15 min
in the wells of 8-well chamber slides. Fixation solution (made as
99 ml of 95% ethanol with 1 ml of glacial acetic acid) was then RESULTSadded to the medium to ®ll the wells. After 15 min the cells were
further ®xed in undiluted ®xation solution for an additional 5 min
Increasing the Length of S Phase Increases theand the slides were then air-dried. Cells were washed in APBS (11.5
Prestalk Phaseg Na2HPO4, 2.57 g NaH2PO4, 5.84 g NaCl/liter) and were then
stained for incorporated BrdU for 1 hr with an anti-BrdU mono-
To determine the effect of a lengthened S phase on initialclonal antibody/nuclease mixture (Gratzner, 1982) (Amersham, Ar-
cell type, we examined the effect on cell-cycle length inlington Heights, IL), washed for 20 min, incubated with a 1:100
Dictyostelium of a variety of compounds (amethopterin,dilution of ¯uorescein-conjugated af®nity-puri®ed F(ab)2 goat anti-
aphidicolin, cytosine arabinoside, 5-¯uorouracil, 5-¯uoro-mouse antibody (Organon Teknika-Cappel, Durham, NC) and then
washed for 20 min. All procedures were performed at room temper- 2*-deoxyuridine, hydroxyurea, or thymidine) which inhibit
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
/ 6x09$$8131 01-23-96 23:04:20 dba Dev Bio
86 Gomer and Ammann
FIG. 2. The effect of DNA-synthesis inhibitors on the doubling time of Dictyostelium cells growing in axenic medium. Cells were
counted, grown in axenic medium in the indicated concentrations of inhibitors for 18 hr, and recounted. The doubling time for the cells
was then calculated. Each point is the mean { standard deviation of the doubling times from three separate experiments. Heavy bar at
left shows the doubling time for no added drug (water).
DNA replication in mammalian cells and thus slow or stop Compared to untreated cells, a greater percentage of drug-
treated cells incorporated BrdU (Table 2). This suggests thatcell proliferation. These compounds have a variety of modes
of action (Table 1). Two of the compounds, FU and FdU, the drugs are increasing the length of S phase relative to
the length of the entire cell cycle.arrest the growth of Dictyostelium cells at 0.2 mg/ml
(Loomis, 1971). To see if the compounds can be used to We then examined whether the DNA-synthesis inhibi-
tors affect the percentage of cells which initially choose toslow but not stop growth in Dictyostelium, we measured
the doubling time of cells growing in the presence of differ- become CP2-positive. Aliquots of cells grown in the pres-
ence of DNA-synthesis inhibitors, using the same concen-ent concentrations of all seven of the compounds (Fig. 2).
We then chose for further study concentrations which slow trations and conditions as described above, were starved to
induce differentiation and plated out at a low density, suchbut do not stop the cell cycle (Table 1). These relatively
mild conditions were chosen to minimize secondary effects that the cells are many cell diameters apart. The starvation
was done in the presence of conditioned medium factor,from the drugs.
We then examined whether the drugs had an effect on an 80-kDa glycoprotein secreted by starved cells. When its
extracellular concentration is above 0.3 ng/ml (as is found inthe Dictyostelium S phase. Cells were pulse-labeled with
BrdU, which is incorporated into replicating DNA. Fixing buffer conditioned by nearly con¯uent starved cells), CMF
allows the expression of prestalk and prespore genes (Gomerthe pulse-labeled cells and staining for nuclear BrdU al-
lowed an estimate of the fraction of cells in S phase during et al., 1991; Jain et al., 1992; Mehdy and Firtel, 1985; Yuen
et al., 1991). At a time when untreated starved cells expresstime of the pulse (Fig. 3). The use of high-magni®cation
immuno¯uorescence allowed us to easily distinguish be- high levels of prestalk or prespore antigens (Gomer et al.,
1986), the drug-treated cells were ®xed and stained by indi-tween incorporation into mitochondrial and nuclear DNA.
As shown in Table 2, the percentage of untreated cells with rect immuno¯uorescence to determine the percentage of
CP2-positive cells and the percentage of prespore cells (Fig.positive nuclear staining from a 45-min pulse with BrdU is
approximately 3.7%, roughly independent of the cell-cycle 4). The percentage of untreated (Fig. 4, water) cells differ-
entiating into CP2-positive and prespore cells is similar tolength (see next section and Fig. 6). Populations incubated
in the absence of BrdU had no positively stained cells. Cells what we previously observed at low cell densities (Gomer
and Firtel, 1987). Treatment of the vegetative cells withwere grown in the presence of the DNA-synthesis inhibitors
at the concentrations shown in Table 1 for 18 hr, which DNA-synthesis inhibitors before starvation caused an in-
crease in the percentage of CP2-positive cells (Fig. 4). Underis approximately two generation times for untreated cells.
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TABLE 2
The Effect of S-phase Inhibitors on the Percentage of BrdU-
Incorporating Cells in Dictyostelium
Drug % BrdU positive
None 3.73 { 0.34
Amethopterin 5.60 { 0.29
Aphidicolin 7.64 { 0.62
AraC 5.27 { 0.47
FdU 7.52 { 1.20
FU 7.50 { 0.45
Hydroxyurea 6.23 { 0.19
Thymidine 5.63 { 0.16
Note. Cells were grown in the indicated drugs for 18 hours at
the concentrations shown in Table 1. The cells were then incubated
with BrdU for 45 minutes, ®xed, and stained for incorporated BrdU
by immuno¯uorescence. The percentage of positive cells in sam-
ples of typically 300 cells were counted in three separate experi-
ments, and the means { standard errors of the means are shown.
from Table 2 against the percentage of CP2-positive cells
divided by the percentage of prespore cells. This ratio was
roughly 0.18 for untreated cells (Fig. 5, vertical axis). Treat-
ment with DNA-synthesis inhibitors increased the CP2-
positive:prespore ratio to between 0.55 and 0.81 (Fig. 5, ver-
FIG. 3. A brief incubation with BrdU causes it to be incorporated
into a subset of cells. Cells were labeled with BrdU as described
for 45 min, ®xed, and stained for incorporated BrdU by indirect
immuno¯uorescence (A); the corresponding phase-contrast image
is shown in (B). All of the cells show a low level of background
¯uorescence, presumably due to incorporation into mitochondrial
DNA. Roughly 3.7% of control cells show the brighter nuclear
¯uorescence. This percentage increases when cells are treated with
S-phase inhibitors at concentrations that do not completely inhibit
DNA synthesis. Bar in B is 20 mm.
the same conditions, the percentage of prespore cells de-
creased. The successful differentiation into prestalk and
FIG. 4. The effect of DNA-synthesis inhibitors on the percentageprespore cells indicates that most cells remained viable
of cells choosing to express the CP2 prestalk or the SP70 presporewhen grown for 18 hr in the presence of the DNA-synthesis
antigen. Ax4 cells were grown in the presence of the indicated druginhibitors at the concentrations shown in Table 1 and that
for 18 hr, starved, and approximately 2.5 1 103 cells were then
treatment of vegetative cells with DNA-synthesis inhibi- plated at low density under conditions favorable for the expression
tors increases the percentage of cells which initially choose of cell-type speci®c antigens. The percentage of cells expressing
to become CP2-positive. CP2 and the percentage expressing SP70 was determined by immu-
To see if there is a correlation between the length of S no¯uorescence staining. The average and standard deviation for
three experiments are shown.phase and the initial ratio of cell types, we plotted the data
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tive and ecmA-positive cells. This indicates that the initial
cell-type choice is closely linked to cell-cycle phase at the
time of starvation.
The Prestalk Phase Is a Constant Fraction of the
Cell Cycle
One can envision several possible mechanisms that
would link cell-type choice to the cell cycle and give rise
to the approximately 2-hr-long prestalk phase found in un-
treated cells starved in mid-log phase. One possible mecha-
nism might involve a cell-cycle independent 2-hr timer,
started when cells end M phase and begin S phase. If a cell
should be starved while the timer was on, it would become
a prestalk or null cell; the 2-hr timer would shut off during
G2 phase, and cells starved while their timer was off would
become prespore or null. A timer could similarly be used
to determine the prespore phase. A second possible mecha-
nism would not utilize an independent timer. In this mech-
anism the prestalk phase would be ``attached'' to the cellFIG. 5. Growth in the presence of S-phase inhibitors causes more
cycle throughout S and early G2 phase. Other possiblecells to incorporate BrdU and increases the prestalk:prespore ratio.
mechanisms would involve combinations of the above two,In three separate experiments, cells were grown untreated or in the
for instance with a cell-cycle attachment for part of thepresence of one of seven different DNA-synthesis inhibitors. The
percentage of cells incorporating a pulse of BrdU into DNA is prestalk phase and a timer for another part. In growing Dic-
shown on the horizontal axis. Cells were also starved under condi- tyostelium cells the length of the cell cycle (doubling time)
tions that allow the expression of the CP2 prestalk and the SP70 varies depending on cell-density and growth conditions
prespore antigens; the vertical axis shows the ratio of prestalk- (Loomis, 1975). A ®xed-timer mechanism would predict
positive to prespore-positive cells. The average and standard devia- that in the slowly growing cells the prestalk sector would
tion for three experiments is shown.
remain 2 hr long while the prespore sector would lengthen
(or that the prespore sector would stay ®xed and the prestalk
tical axis). There is a rough positive correlation between
this ratio and the percentage of cells incorporating BrdU
(Fig. 5, horizontal axis), suggesting that increasing S phase
length increases the initial CP2-positive:prespore ratio.
We also examined whether increasing the percentage of
cells in S phase would affect the differentiation of cells into
ecmA-positive cells. pEcmA::lacZ transformant cells were
grown in the presence of DNA-synthesis inhibitors as de-
scribed above. The cells were starved and plated out at low
cell density, and the percentage of cells expressing ecmA
were detected by staining for b-galactosidase by immuno-
¯uorescence. The percentage of ecmA-positive cells in un-
treated populations was roughly 20%, as observed pre-
viously (Clay et al., 1995; Traynor et al., 1992; Yamada and
Okamoto, 1994). Increasing the length of S phase caused
the percentage of cells expressing ecmA to increase signi®-
cantly (Fig. 6). We found that for cells grown in the presence
or absence of any of the drugs, the CP2-, ecmA-, and SP70-
FIG. 6. The effect of DNA-synthesis inhibitors on the percentagepositive cells were scattered randomly among negative cells
of cells choosing to express ecmA. Ax2 cells transformed with pEc-and were distributed evenly over the surface of the mi-
mA::lacZ expressing the lacZ were grown in the presence of DNA-
croplate well. There were no areas of the wells with high synthesis inhibitors as described for Fig. 4, starved, and plated out
or low concentrations of positive cells. Thus, lengthening at low density under conditions favorable for the expression of
S phase in vegetative Dictyostelium cells with a variety of ecmA. The percentage of cells expressing b-galactosidase was deter-
DNA-synthesis inhibitors causes an increased percentage mined by immuno¯uorescence staining. The average and standard
deviation for three experiments are shown.of those cells, when starved, to differentiate into CP2-posi-
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started at the end of S phase (Fig. 1). To determine if the
percentage of cells in S phase varies with cell-cycle length,
cells were labeled as above with BrdU. In the four cell popu-
lations, the percentage of cells incorporating BrdU did not
vary consistently with doubling time (Fig. 7). By this crite-
rion, the length of S phase remained a roughly constant
fraction of the length of the cell cycle over a sixfold range
of doubling times. Thus, since both the prestalk phase and
S phase are constant fractions of the cell-cycle length, the
amount of G2 occupied by the prestalk phase must be a
constant fraction of the cell cycle and therefore a variable
length of time. This suggests that the prestalk phase is
linked to the cell cycle and does not make use of ®xed
length timers.
FIG. 7. Populations of cells with variable doubling times have an
approximately constant percentage of cells in S phase and differen- DISCUSSION
tiate into an approximately constant ratio of CP2-positive prest-
alk:prespore cells. The calculated doubling time is shown on the We have shown here that altering the cell cycle in Dicty-
horizontal axis; the percentage of cells incorporating BrdU in a 45- ostelium alters the initial cell-type ratio, indicating that
min pulse (solid line) is shown on the left vertical axis; the ratio there is a close link between the cell-cycle phase at the time
of the number of cells induced to express the CP2 prestalk antigen
of starvation and the initial choice of cell type. We used ato the number of cells induced to express the SP70 prespore antigen
variety of compounds which inhibit DNA replication infor the different experiments (dashed line) is shown on the right
mammalian cells. Their modes of action range from deple-vertical axis.
tion of deoxynucleotide pools to direct inhibition of the
nuclear but not the mitochondrial DNA polymerase. We
found that these inhibitors slowed the growth of Dictyostel-
ium cells (Fig. 2), and caused an increase in the percentagesector would lengthen), while a cell cycle-attached mecha-
nism would predict that the ratios would remain constant. of cells which incorporate a pulse of BrdU into their nuclear
DNA (Table 2 and Fig. 5). This suggests that the growthTo examine the prestalk- and prespore-phase lengths in
populations with different doubling times, vegetative Ax-4 inhibition results at least in part from an increase in the
length of S phase. Approximately 3.7% of untreated cellscells growing at at different densities in HL-5 or HL-5 with
half the normal amount of peptone and yeast extract were incorporated a pulse of BrdU into DNA, suggesting that
approximately this percentage of cells is normally in S phasecounted, grown for an additional 18 hr, counted again, and
the effective doubling time calculated. As shown in Fig. 7, at any given time. Assuming a roughly 8.6-hr cell cycle (Fig.
2), a crude approximation would indicate that S phase inthe doubling times for populations examined in four sepa-
rate experiments ranged from approximately 5.5 to 36 hr. untreated cells lasts 8.6 1 60 1 0.037  19 min, in
agreement with previous observations (Weijer et al., 1984b).To determine whether the populations with the different
average cell-cycle lengths would differentiate with different The increase in the percentage of BrdU-positive cells caused
by growth in the presence of inhibitors is from 3.7% (un-CP2-positive:prespore ratios, cells were starved as above to
induce differentiation, ®xed, and stained. The CP2-posi- treated) to between 5.2 and 7.6%, indicating that the length
of S phase increases by a factor of approximately 2 or less.tive:prespore ratio for the four cell populations decreased
slightly with cell-cycle length (Fig. 6). If the prestalk phase Assuming an S-phase length of 19 min, this would add 19
min or less to the cell cycle. However, we chose concentra-had been a ®xed 2 hr, the CP2-positive:prespore ratio for a
5.5-hr doubling time would have been 2/(5.5-2)  0.57; for tions of the drugs which increased the doubling times by
typically 2 to 3 hr (Table 1 and Fig. 2). This indicates thata 36 hr doubling time, the ratio would have been 2/(36-2)
 0.06. This is a 10-fold variation, which is much greater we should have observed many more drug-treated cells in-
corporating BrdU and may be due to three factors. First, thethan the 0.22/ 0.15 or roughly 1.5-fold variation observed
(Fig. 7). Similarly, a ®xed prespore phase length would have S-phase inhibition caused by the drugs might not be con-
stant over the 18-hr incubation period. Breakdown of theresulted in widely varying CP2-positive: prespore ratios de-
pending on cell-cycle length. The data thus indicate that drugs could result in very long S phases and hence greatly
slowed cell cycles early during the incubation period andboth the prestalk and prespore phases are approximately
constant fractions of the cell cycle irrespective of the length then only slightly increased S phases at the end of the 18
hr (when the percentage of cells in S phase was measured).of the entire cycle.
There was a possibility that the prestalk phase is deter- The second possibility is that because the drugs inhibit
DNA synthesis, some drug-treated cells in S phase wouldmined by the combination of a variable length S phase fol-
lowed by a ®xed length of time determined by a timer not have incorporated enough BrdU to register as positive
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in our immuno¯uorescence assay. Finally, the drugs may initial ratio of stalk to spore cells regardless of the cell-cycle
length of the starved population. We have previously shownalso increase the length of other phases in addition to S.
Nonetheless, the increase in the percentage of cells incorpo- that the cell cycle-linked, cell-autonomous differentiation
mechanism causes half the cells to become CP2- or pre-rating BrdU demonstrates that all seven of the drugs in-
creased the length of S phase relative to the length of the spore-positive; cells in the other half of the population (the
sisters of the differentiated cells) remain null, unless theyremainder of the cell cycle (Fig. 5).
Treatment of vegetative cells with any of the DNA-syn- touch other cells, under which conditions many of them
become prespore-positive (Gomer and Firtel, 1987; Clay etthesis inhibitors examined caused an increase in the raw
number of both CP2-positive and ecmA-positive prestalk al., 1995). Our observations thus suggest that both cell-
cycle-dependent and cell±cell-interaction-dependent cell-cells (Figs. 4 and 6). This demonstrates that the increased
ratio of prestalk to prespore cells (Fig. 5) is not due solely type choice mechanisms exist but that neither is exclusive
of the other. An initial heterogeneity is established by asym-to inhibition of prespore gene expression. Despite having
different modes of action, all seven of the DNA-synthesis metric cell divisions and the phase of the cell cycle that
each cell happens to be in at the time of starvation, whichinhibitors increased the prestalk:prespore ratio. The fact
that the CP2-, ecmA-, and SP70-positive cells in the assays would then allow the formation of nucleating populations
of different cell types. Cell±cell interactions then appear towere randomly scattered among negative cells in the low
cell density assays indicates that increasing S phase in- regulate further differentiation of the null and the initially
differentiated cells and provide a mechanism for the mainte-creases the prestalk:prespore ratio by affecting a cell-auton-
omous mechanism. The ability to manipulate S phase with nance of cell-type ratios.
a variety of compounds having different modes of action
and observe quantitatively predictable changes in cell-type
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